Functionally graded materials that had gradient profiles of permittivity (i.e., ε-FGMs) were fabricated from an alumina/epoxy mixture by a centrifugal method. Gradient distribution of both the packing fraction and size of the dispersed alumina fillers was confirmed by SEM images. Furthermore, a new numerical method to simulate the fabrication process was proposed based on the movement of solid particles dispersed in the viscous liquid under the centrifugal operation. In the simulation, both the cumulative probability of the practical filler diameter and the existence and growth of the fully-packed layer were taken in account. Permittivity profiles in ε-FGM was calculated and compared with the experimental ones, resulting in reasonable agreement between them. Therefore, it is concluded that the simulation method proposed can be applied to model the similar process of fabricating FGMs by the centrifugal method. The gradient of the fillers is intentionally regulated not only by changing in both the velocity and/or duration of the centrifugal operation, but also by changing in the distribution of filler size. In particular, existence of fillers with various sizes is indispensable to attain and control the centrifugal process because the fillers, depending on their sizes, play different roles in determining the profiles of packing fraction and resultant permittivity.
Introduction
Functionally graded materials (FGMs) are a new class of materials in which the composition and/or the microstructure spatially varies (1) . Promising potential of FGMs as new solid insulation materials for the future power apparatus are proposed and discussed from the point of view of electric field mitigation and resultant improvement of insulation performance (2) (4) . It is, however, quite difficult so far to manufacture the fully controlled FGMs of large size. Accordingly, most of researches with regard to FGM applications to HV insulation have conducted either on the theoretical and numerical basis or by employing the bulk-graded materials (5) (7) . In practical applications of FGM, utilization of practical FGMs is more desirable in order to avoid unforeseen difficulties caused by high voltage phenomena that are attributed to boundaries between materials with different electrical properties. This paper is related to a project on fabricating FGMs of large scale from various compositions, and on preparing test specimens that will be used to evaluate their electrical, mechanical and thermal performances. FGMs that are made of alumina/epoxy composite and have gradient of permittivity (i.e., ε-FGMs) are chosen in the present investigation because alumina-filled epoxy insulators are widely used in power apparatus.
The spark plasma sintering method (SPS) (1) , the slurry laminating method (1) (4) and the centrifugal method
(1) (8) (10) are successfully employed to manufacture FGMs of several centimeters in geometrical scale. Most of the researches on large FGMs to date are related with metal/metal and metal/ceramic composites for thermal and mechanical applications, and few papers report about ceramic/resin composites such as alumina/epoxy composites.
Some papers reported approximate solutions to simulate the movement of solid particles dispersed in a viscous matrix in liquid form during the centrifugal cast of FGM (8) from metal/ceramic composition. However, there are some difficulties to employ these solutions in order to simulate our procedure of fabricating FGMs because they ignored some parameters and phenomena that have significant influence on the properties of FGM in our cases. For example, the centrifugal forces were assumed to be independent of the particle positions, and no accumulation of the particles at far end of FGM was taken into account.
In the present contribution, the way how ε-FGMs were fabricated from alumina/epoxy mixture by using the centrifugal method is introduced. It is also demonstrated that how the packing fraction and size of the alumina fillers, and resultant permittivity, distributed in the fabricated ε-FGM . Furthermore, a new numerical method to simulate the fabrication process is proposed, and simulated results on profiles of fillers and permittivity are illustrated and discussed.
Fabrication of Permittivity Graded Epoxy Column
In case of fabricating FGMs from alumina/epoxy mixture, the centrifugal method is preferable than the SPS and slurry laminating methods because the latter methods require a sintering process that is conducted under high temperature environment in order to harden the mixture, which might cause thermal damage to FGMs.
General Procedure
A cylindrical columns of ε-FGMs that were graded in their axial direction were fabricated in the room temperature by the following three successive steps:
( 1 ) Preparation of mixture Epoxy resin in liquid form and a given amount of alumina fillers were mixed, and then the epoxy/alumina mixture was degassed in vacuum. After the degassing process, a hardening agent was mixed into the epoxy/alumina mixture. ( 2 ) Centrifugal process The epoxy/alumina/hardener mixture was poured into a cylindrical plastic tube, and then the plastic tube was rotated by a centrifugal separator. Fig. 1 shows schematic diagram of the centrifugal setup and corresponding coordinate system. The plastic tube rotated around the z axis with the velocity of N op for the duration of T op . The central axis of the plastic tube coincided with the x axis. ( 3 ) Post treatment After the centrifugal operation for T op , the plastic tube was demounted from the centrifugal separator and kept as it was in the room temperature until the hardening was completed. Fig. 1 . Diagram of centrifugal setup and coordinate system, and mechanical forces acting on a particle
Axial position in the ε-FGM column is hereafter denoted by l = x − x 0 that is a relative distance from the top surface x 0 of the column, as shown in Fig. 1 .
Fabrication Conditions

Alumina fillers
Six sets of alumina fillers that had non-spherical, irregular shape with the different nominal diameters D ave from 10 to 80 µm in average were employed to fabricate ε-FGM under various centrifugal conditions mentioned below. A set of alumina fillers with D ave = 50 µm was finally chosen because it was the most suitable set than the others in order to attain and control the gradient of fillers.
It is well-known that, in general, cumulative probability p(D) of the equivalent diameter D of pulverised powders follows the Harris curve expressed in the form of Eq. (1) (11) .
Here, α, β, and D max are parameters to characterise the statistical distribution of the powder size D.
Profiles of p(D)
were measured for all sets of fillers mentioned above by method of the laser particle-size analysis. The measured results obtained with the set of D ave = 50 µm are shown in Fig. 2 . Fig. 2 indicates that p(D) experimentally obtained in case of D ave = 50 µm was reasonably expressed by the Harris curve with the parameters of α = 1.14, β = 3.84 and D max = 212 µm that is plotted by a solid line.
Centrifugal conditions
Two plastic tubes with different geometrical size from each other were employed: one of the two had an inner diameter D c and length L c of 60 mm and 80 mm, respectively, and the other had D c and L c of 30 mm and 100 mm, respectively.
In the fabrication process, T op and N op were set to be 1 -30 min and 500 -3000 rpm, respectively. G number defined as ratio of the centrifugal force mrω 2 to the gravitational force mg (i.e., G = rω 2 /g) was about 30 -1000 in case of r = 0.1 m, where r, ω, and g are the radial coordinate of the particle, an angular velocity of the rotation (= 2π(N op /60)), and the gravitational field strength (= 9.8 m/s 2 ), respectively. Cross-sectional view ε-FGM columns fabricated under various centrifugal conditions were cut in parallel to the column axis in order to observe appearance inside. Typical cross-sectional appearance of two ε-FGM columns fabricated for T op = 3 and 10 min is shown in Fig. 3(a) and (b), respectively. The centrifugal force acted in the direction from the top to bottom of the cylindrical column in the figure.
In Fig. 3 , alumina particles look white, and epoxy resin looks black. Difference in appearance of these columns is obvious. One obtained for short T op has the gradual change in the surface color, and the other for long T op has almost the abrupt change in it.
Alumina distribution
Disk specimens of 1.5 -2 mm thickness were sliced off at several axial positions l from the whole ε-FGM column but both ends, and the surface conditions of all specimens were observed by using SEM.
The SEM images taken at several radial positions on the surface of each specimen showed no remarkable difference in their appearance. Consequently, it is concluded that the alumina fillers are uniformly dispersed in the radial direction, and therefore that the tube wall has less influence on the formation of the filler gradient.
On the other hand, surface images of individual specimens significantly differed from each other. Fig. 4 shows typical SEM images taken for four disk specimens out of 12 disks. These specimens were sliced off from a part of the ε-FGM column that had a gradual change in the surface color like one shown in Fig. 3(a) . The white area in Fig. 4 represents the alumina fillers.
Significant change in both the filler diameter D and the volumetric ratio of alumina particles ν p (i.e., the packing fraction) in accordance with the disk position l is seen from Furthermore, the SEM images taken consecutively along the column axis showed that, roughly speaking, both the packing fraction and the filler size changed successively with the axial position.
In the end, it is concluded from those considerations that both the packing fraction and the filler size notably vary as a function of axial position in the FGM columns.
Permittivity profiles
Relative permittivity ε r of each disk specimen mentioned above was derived from the measured capacitance of the disk specimens. Fig. 5 shows profiles of ε r obtained from six FGM columns. One of the six columns denoted by 'Natural' (i.e., T op = 0) was fabricated from the mixture that was kept as it was, that is to say, the mixture experienced no centrifugal process. The others were fabricated under the centrifugal conditions of T op = 3, 5, 7, and 10 min, and of N op = 1000 and 3000 rpm.
It is obvious from Fig. 5 that the profiles of ε r were significantly affected by both T op and N op . As T op became longer and/or N op became larger, the moderate profiles of ε r were transformed into the abrupt ones. Fig. 5 indicates that the profiles of ε r saturated beyond a certain position depending on T op and N op , and that the saturation position shifted toward the axis of rotation as T op became longer and/or N op became larger. In this saturation area (i.e., in the fully-packed layer), the alumina fillers of relatively large diameter were almost fully packed, as is seen from Fig. 4(d) . In the beginning of the centrifugal process, all fillers dispersed uniformly, and accordingly no fully-packed layer existed. However, as the centrifugal operation went on, the particles that arrived at the cylinder bottom started to accumulate near the cylinder bottom and formed the fully-packed layer. As time passed away, the fully-packed layer grew and its surface shifted toward the axis of rotation (i.e., toward the top of the cylinder).
On the contrary, ε r at all positions except for the saturation area mentioned above varied monotonously as a function of l. Values of ε r at about l = 40 -60 mm increased with T op , and decreased at about l < 40 mm that was closer to the axis of rotation. This change in ε r at l < 60 mm is attributed to the movement and redistribution of fillers, mainly of small and medium fillers, as indicated in Figs. 4(a), (b) and (c).
Simulation of Alumina Movement and FGM Permittivity
Basic Equation
Provided that both the buoyancy and the drag force following the Stokes low act on a particle as the true force F , basic equation to describe the movement of a spherical alumina particle is given by the following Eq. (2) .
Here, r = (x, y, z) and v = dr/dt are coordinate and velocity of the particle, respectively.
are the mass, reduced mass taking account of the buoyancy, volume, density and radius of the particle, respectively, ω = (0, 0, ω) is an angular velocity of the centrifuge, and ρ m and η are the density and coefficient of viscosity of the epoxy resin, respectively. The second and third terms of the right-hand side of Eq. (2) shows the Coliori and centrifugal forces, respectively. The forth term describes the force attributed to change in N op , or ω, with time at the starting and stopping periods of the centrifugal operation.
Additional assumptions employed to derive Eq. (2) are as follows:
( 1 ) Electrical forces and mutual interaction between particles are ignored. 
Equation Employed
Simultaneous differential equations in two-dimensional form were derived from Eq. (2), and solved under various fabrication conditions by the Runge-Kutta numerical integration method. Numerical integration were conducted under various conditions of N op = 500 -3000 rpm, η = 1 -50 Pa s, D = 1 -200 µm. It was also assumed that N op linearly increased with time for 10 sec from zero to the scheduled value, and kept constant at the scheduled value after 10 sec during T op .
The solution of the differential equations mentioned above gives trajectories of the particle on the x-y plain, and hence ratios δ defined by ∆y/∆x were obtained, where ∆x and ∆y are distances of the particle movement in the x and y directions from the initial position of x = x 0 , and y = 0, respectively. It is easily expected that the higher the particle diameter and rotation velocity is and/or the smaller the coefficient of viscosity is, then the larger will be the value of δ. Fig. 6 shows three trajectories obtained under the conditions of η = 1 Pa s, D = 50, 100 and 200 µm, respectively. The centrifugal conditions employed were N op = 3000 rpm. Calculations were continued until x = 1000 mm. The numerical conditions employed here are the most severe ones from the point of view of δ in order to examine the effect of the mechanical forces acting in the y direction. It is seen from Fig. 6 that the ratio δ increased gradually with time. Taking into account the fact that the practical size of FGMs fabricated was 100 mm or less, the ratio δ is expected to be much smaller than 1 % in the practical fabrication process. It is concluded from those considerations that the ratio δ is negligibly small, and hence the mechanical forces acting in the y direction such as the Coliori force and a force attributed to the change in ω with time can be ignored in the present simulation.
In the end, the following one-dimensional Eq. (3) Fig. 6 . Trajectories of two dimensional movement of an alumina particle calculated; N op = 3000 rpm, η = 1 Pa s was introduced to describe the movement of alumina particles and solved by both the approximate and numerical methods described below.
Approximate Solution Under Limited Conditions
Provided that values of ω and η are constant during the centrifugal operation, the analytical solution of Eq. (3) for a given particle of D in diameter is easily obtained for the initial conditions of x(0) = x 0 and v(0) = 0.
Watanabe, et al. (8) proposed rather a simplified analytical solution of an equation similar to Eq. (3). They assumed that the centrifugal force was independent of the particle position x, namely the centrifugal force acting on the particles is constant during the centrifugal operation. This is because, in their case, the distance of the particle movement from its original position was small enough, and the particle quickly reached to its terminal velocity that is independent of time.
However, the simplified solution mentioned above is not able to be applied in our cases because the distance of the particle movement are large enough. In return for it, the following analytical solution of Eq. (3) is obtained in the present cases.
where, 
· · · · · · · · · · · · · · · · · · · · · · · · · · · · (5)
By applying the approximations mentioned above, the second term in the right hand side of Eq. (4) can be ignored in comparison with the first term. Therefore, the particle position x(t) is approximately expressed by the following equation:
Eq. (6) indicates that the axial position of the particle exponentially increased with time, and largely depended on the parameter c/b, namely on η, D 2 , and ω 2 . The time T L , by which a particle reaches at x(T L ) = L from x 0 , is calculated from Eq. (6) and given by Eq. (7).
Eq. (7) shows that the time duration T L for the particle to move by L is a function of η, D 2 , and ω 2 . It is also clear that the distance of particle movement in a certain time duration (e.g., T op ) considerably depends on D, so that the gradient of alumina particles by the centrifugal method is possible in case that the fillers consist of particles with various diameters.
Because it is difficult to artificially control the viscosity of the mixture if the epoxy resin and hardener is given in advance, the gradient of the fillers is intentionally regulated by changing in both ω and T op of the centrifugal operation as well as by changing in the cumulative distribution of D.
Parameters for Numerical Simulation
Alumina particles
In order to execute the simulation under the practical fabrication process, a set of alumina fillers with D ave = 50 µm that was used in the fabrication of ε-FGM (see Section 2.2) was involved. A number of spherical particles that had p(D) expressed by the Harris curve with α = 1.14, β = 3.84, and D max = 212 µm shown in Fig. 2 were generated by the random number method. The particles were placed along the center axis of the centrifugal tube as an initial distribution. The diameter of the particle placed at a certain position was randomly determined. Fig. 7 shows an example of the initial distribution of the number density n(x, D) of alumina particles generated. It is seen from Fig. 7 that almost the uniform dispersion of the particles was achieved in the x direction.
Packing fraction and permittivity
Several pieces of disk specimens made of alumina/epoxy composition with about 2 mm thickness were fabricated in order to experimentally examine the relationship between the packing fraction ν p of fillers in the disk and the disk permittivity ε. Each specimen had uniform dispersion of the fillers, but contained different amount of Meanwhile, for the disperse system with solid particles, several expressions are proposed to illustrate the relationship between ν p and ε (12) . In the present simulation, Lichtnecker's equation expressed by Eq. (8) was employed to estimate ε of the alumina-dispersed epoxy resin. In Eq. (8), ε m and ε p indicate the permittivity of the epoxy resin and alumina particle, respectively. Relationship between ν p and ε r obtained by the Lichtnecker's equation is plotted in Fig. 8 by a solid line. Here, ε r of the pure epoxy resin and alumina particles are assumed to be 4.0 and 9.3, respectively. The value of ε r of the epoxy resin, of course, depends on its kind.
Comparison of the experimental values of ε r with the numerical ones indicates that the Lichtneker's equation gave reasonable estimation of ε r . Consequently, Eq. (8) is applied to estimate ε r from ν p that was obtained by the simulation.
Viscosity
To conduct the simulation, both the coefficient of viscosity η of the alumina-dispersed liquid epoxy resin and the full packing fraction ν full are required.
Value of η depends on ν p (13) (14) as well as on the mixture temperature. The centrifugal operation was ceased before a marked increase in the mixture took place, so that the effect of the change in the mixture temperature on the viscosity was neglected.
In the present simulation, for simplicity, change in η against ν p was ignored as well. In return, the averaged value of η over the operation time T op was introduced.
Fully-packed layer
To simulate the growth of the fully-packed layer mentioned above, a parameter λ that characterised the minimum distance available between two adjacent particles in the fully-packed layer was introduced. The characteristic factor λ depended on the full packing fraction in the fully-packed layer, and determined from ν full that was experimentally obtained. Theoretical values of ν full is known to be between 0.52 for the simple cubic packing to 0.74 for the close packing of spherical particles (5) (8) (11) . However, alumina particles used in the present investigation had irregular shape and various diameters, and hence those theoretical values of ν full obtained for the regular shape was difficult to be applied. Fig. 9 shows the (i + 1)-th particle approaching to the i-th particle that have formed the surface of the fullypacked layer. When the following criteria was met, it was determined that the (i + 1)-th particle arrived at the surface of the fully-packed layer. Then, the (i + 1)-th particle became a new surface particle, resulting in the growth of the fully-packed layer.
where L is the distance between the center of i-th and (i + 1)-th particles, x j and D j (j = i and i + 1) are the position and diameter of j-th particle.
Numerical Results and Discussions
Profiles of ε r of the alumina-graded epoxy resin were numerically calculated by using the proposed simulation method. Eq. (3) was solved by the Runge-Kutta numerical integration method. Employed in the present simulation were the same fabrication conditions as those, under which the ε-FGM columns with the ε r profiles shown in Fig. 5 were obtained.
It is found from Fig. 5 that the full packing fraction that appeared in the saturation area at the bottom of the ε-FGM column was about 0.38, which was much smaller than expected from the theoretical consideration. This is because the shape of the fillers was irregular and only large particles predominantly existed in the saturation area.
Determination of Parameters
Particles of total numbers N = 600 were generated in the present simulation, and it was examined in advance if p(D) of the generated particles followed the Harris curve shown in Fig. 2 .
Profiles of ε r were calculated under various combinations of η and λ, and numerical profiles were compared with the experimental one obtained for T op = 5 min and N op = 1000 rpm. Then, it was found that values of η = 30 Pa s and λ = 1.2 gave reasonable agreement between the simulated and experimental profiles of ε r , as shown in Fig. 10(b) . Therefore, values of η = 30 Pa s and λ = 1.2 were used in further simulation for the same Although the value of η = 30 Pa s was slightly larger than that of the pure epoxy resin/hardener mixture measured, it won't be overestimated if the fact that η of the alumina/epoxy/hardener mixture increases with ν p (13) (14) is taken account of. Namely, η = 30 Pa s obtained here can be taken for the averaged value over the centrifugal operation time T op . Fig. 10 illustrates comparison between the simulated and experimental profiles of ε r obtained for T op =3, 5, 7, and 10 min. As explained in the previous section, Fig. 10(b) was used to determine the values of η and λ. Reasonable agreement between the two is seen from Fig. 10 regardless of the operation time. It is also obvious that the growth of the fully-packed layer was well simulated by the present method that introduced the characteristic factor λ.
Profiles of Permittivity
Therefore, it is concluded that the simulation method proposed here can be utilized to estimate the movement and accumulation of alumina particles and resulting permittivity profiles, provided that proper values of η and ν full as well as p(D) are given in advance.
Profiles of Number Density
Calculated distributions of n(x, D) obtained for T op = 3, 5, 7, and 10 min are shown in Fig. 11 .
Inspection of Figs. 7 and 11 draws the following conclusions with regard to the movement of alumina particles during the centrifugal operation.
Particles with larger diameter more than about 150 µm quickly moved in an earlier period of the operation, and then most of them reached in the vicinity of the bottom of the tube, resulting in the formation and growth of the fully-packed layer by such particles. After a certain time passed away, particles with medium diameter between approximately 30 and 150 µm moved by distances depending largely on their size, which caused the gradient of the filler distribution in the dispersion layers. On the contrary, smaller particles less than about 30 µm were hardly affected by the centrifugal operation, and accordingly, they kept staying at the initial position. Hence, small particles despersed almost uniformly in the ε-FGM column even after the centrifugal operation. These dependencies of particle movement on particle sizes are qualitatively consistent with the distinctive feature of filler distribution shown in Fig. 4 .
Effect of Filler Size on Permittivity Profile
Based on the temporal change in the profiles of number density shown in Fig. 11 and the relationship beween the packing fraction and permittivity described in Section 3.4.2, the following conclusions can be drawn with regard to the ε profiles in the ε-FGM column.
The small fillers determine the basic permittivity over the whole column, and particularly, they are primary factor to determine the permittivity near the axis of rotation. On the contrary, the medium fillers are sensitive to be affected by change in the centrifugal conditions, and hence play important role to attain and control the gradient of permittivity in the dispersion layers. Besides, the large fillers are easy to move, and then predominantly determine the permittivity in the fullypacked area, depending on the fully packing fraction that is determined by the shape of the fillers, and so on. In the end, the permittivity at positions away from the axis of rotation is principally determined by the packing fraction of both medium and large fillers.
Conclusions
Fabrication of functionally graded materials that had the gradient permittivity was conducted from an alumina/epoxy mixture by a centrifugal method. Furthermore, a new simulation procedure was proposed in order to calculate the movement of fillers during the centrifugal operation, and accordingly in order to estimate profiles of the number density of fillers and permittivity. In the simulation, both the cumulative probability of the diameter of the practical fillers and the existence and growth of fully-packed layer were newly taken in account. New parameter of the characteristic factor describing the fully packed situation was introduced in the simulation as well.
Major results obtained are as follows:
( 1 ) The centrifugal method was successfully involved to fabricate ε-FGM of centimeter scale, in which the distributions of both the packing fraction and size of the dispersed alumina fillers were graded. ( 2 ) Profiles of permittivity numerically obtained along the center axis of ε-FGM column reasonably agreed with the experimental ones. Consequently, the simulation method proposed in the present paper can be applied to model the similar process of fabricating FGMs by the centrifugal method. ( 3 ) Approximate solution of the equation describing the particle movement indicates that the axial position of the particle exponentially increased with time. It is also demonstrated that the gradient of the fillers was intentionally regulated by changing in both ω and/or T op of the centrifugal operation as well as by changing in the cumulative distribution of the filler diameter. ( 4 ) It is confirmed that the fillers, depending on their sizes, play different roles on determining the profiles of the packing fraction and resultant permittivity profiles in ε-FGM. Consequently, existence of fillers with various sizes is indispensable to attain and control the gradient of filler distribution (i.e., the permittivity gradient) by the centrifugal method. Implementation of the dependency of η on ν p and the determination of λ based on the theoretical consideration will be conducted in future.
